Small-angle X-ray scattering (SAXS) analysis has been performed on maghemite-poly(4-vinylpyridine) nanocomposites prepared by in situ precipitation from iron-polymer coordination compounds. According to electron microscopy observations, the nanocomposites contain isolated spherical particles with a narrow size distribution, uniformly distributed throughout the polymer matrix. The scattering intensity of nanocomposites has relevant contributions from both the polymer and the nanocomposites, showing features characteristic of multiscale structured systems, namely two power laws and a Guinier regime. The data have been analysed in terms of Beaucage's unified approach and it is found that the maghemite particle size increases with the iron/ polymer weight ratio used in the preparation of the nanocomposites. SAXS curves also feature a bump that was analysed as arising from a second particle population or from interactions. Magnetization and transmission electron microscopy results give arguments favouring the latter interpretation. It is found that the maghemite particle sizes vary linearly with the iron weight ratio used in the preparation of the nanocomposites.
Small-angle X-ray scattering (SAXS) analysis has been performed on maghemite-poly(4-vinylpyridine) nanocomposites prepared by in situ precipitation from iron-polymer coordination compounds. According to electron microscopy observations, the nanocomposites contain isolated spherical particles with a narrow size distribution, uniformly distributed throughout the polymer matrix. The scattering intensity of nanocomposites has relevant contributions from both the polymer and the nanocomposites, showing features characteristic of multiscale structured systems, namely two power laws and a Guinier regime. The data have been analysed in terms of Beaucage's unified approach and it is found that the maghemite particle size increases with the iron/ polymer weight ratio used in the preparation of the nanocomposites. SAXS curves also feature a bump that was analysed as arising from a second particle population or from interactions. Magnetization and transmission electron microscopy results give arguments favouring the latter interpretation. It is found that the maghemite particle sizes vary linearly with the iron weight ratio used in the preparation of the nanocomposites.
Introduction
Maghemite nanocomposites are interesting in industry, medicine and science. Their main industrial applications include: magnetic recording (Veitch, 2001) , printing (Meisen & Kathrein, 2000) , sealing (Bhimani & Wilson, 1997) , damping (Kamiyama et al., 2002) , water purification (Takafuji et al., 2004) , sensors (Crainic & Schlett, 2004) and communication (Redl et al., 2003; Chin, 2000) . They are particularly attractive in medicine, in the development of novel techniques for early diagnosis (Weissleder & Papisov, 1992) , non-invasive therapy (Jordan et al., 2001; Brigger et al., 2002) , and biochemical and physiological studies (Bogoyevitch et al., 2002; Uhlen, 1989) . In physics, the possibility of controlling interparticle separation allows these materials to be used as model systems for the study of magnetic properties of nanoparticles arising from their finite size and high specific surface (Iglesias & Labarta, 2001) . Maghemite nanoparticles are also of great interest in earth and planetary sciences (Schwertmann & Taylor, 1989) , and in the life sciences (Safarik & Safarikova, 2002) . The interest of magnetic nanocomposites is based on their unique properties, such as superparamagnetism, giant magnetoresistance and magnetic quantum tunnelling, and the ability to modulate their magnetic properties. Other possible advantages associated with their hybrid composition are the combination of organic and inorganic properties in the same compound, and the development of new properties from organic-inorganic synergies. All these properties are very sensitive to particle size and shape (Iglesias & Labarta, 2001 ), particle-matrix interphases (Brosseau et al., 2003) , and interparticle interactions (Mørup & Tronc, 1994) . Therefore, a good size characterization for the nanoparticles is a fundamental step in the study of these materials. Small-angle X-ray scattering (SAXS) is an appropriate tool for this characterization. It has been extensively employed in the analysis of nanoparticles dispersions, but not as often for nanocomposite materials. Here, we present results on the SAXS examination of maghemite polymer nanocomposites with several particle sizes and particle densities. The polymer is poly(4-vinylpyridine) (PVP), which can form N-M coordination bonds with transition metal ions (Fig. 1) . The SAXS curves of nanocomposite pellet samples are compared with those of the pure polymer, pure maghemite powders and as-prepared nanocomposite films. The results are analysed considering electron microscopy observations, X-ray diffraction patterns and magnetic measurements. The SAXS curves show features that can be related to particle surface scattering, Figure 1 Poly(4-vinylpyridine) polymer. particle size and nanocomposite structure. The results are interpreted in terms of the Beaucage approach (Beaucage, 1995 (Beaucage, , 1996 Beaucage et al., 2004). 2. Experimental 2.1. Synthesis of maghemite/poly(4-vinylpyridine) nanocomposites Maghemite nanoparticles are produced by hydrolysis of iron bromide salts . Two different iron bromide stock solutions have been used in the synthesis of maghemite nanocomposites. Stock solution 1 contained 1.07 mol dm À3 of RbBr and 2.14 mol dm À3 of iron bromide, and stock solution 2 contained 0.5 mol dm À3 of RbBr and 1 mol dm À3 of iron bromide. 35 and 11% of the total iron was in the form of Fe II in stock solutions 1 and 2, respectively. Maghemite powders in aqueous solutions were prepared by addition of 300 cm 3 of 0.1 M NaOH to 100 cm 3 of a solution prepared by dilution of 10 cm 3 of stock solution 2, with magnetic stirring, at room temperature. The precipitate was filtered, washed with a saturated sodium oxalate solution and with water, and dried in an oven at 473 K for 24 h. A standard procedure to prepare maghemite/PVP nanocomposites was: a solution of 0.2 g of PVP in 4 cm 3 of a water:acetone (1:1) mixture was mixed with 1 cm 3 of stock solution. The resulting viscous solution was dried in an oven at 313 K for 24 h to obtain a solid film. This film was immersed in 5 cm 3 of a 1 M NaOH solution for 1 h, washed with water and dried in an oven at 473 K for 24 h.
Sample characterization
The materials were characterized by X-ray powder diffraction (XRD) (Rigaku D-max B), transmission electron microscopy (TEM) (Philips CM30, 1.9 Å point resolution), a.c. magnetic measurements (Quantum Design MPMS SQUID magnetometer) and infrared spectroscopy (IR) (Perkin Elmer FT-IR Spectrum One and Perkin Elmer 599 for the far IR).
The nanocomposite samples for SAXS observations were prepared by grinding the as-prepared films in a mortar and then pressing the grains into pellets. Some nanocomposite sample films were observed as prepared. Maghemite pure powder samples were prepared in two ways: (1) by directly pressing the powders into pellets; and (2) by mixing maghemite powders and polymer grains in a mortar and pressing the mixture into pellets. Most of the pellets have a thickness of roughly 0.2 mm. SAXS observations were carried out at beamline ID01 of the European Synchrotron Radiation Facility (ESRF). Images obtained from the nanocomposites consisted of isotropic rings and were integrated azimuthally for further analysis. Noise from slits and windows has been subtracted, and statistical errors from the photon flux have also been taken into account in the integration. Measured curves were normalized for variations of the primary intensity. Absolute scattering intensities were calculated from the normalized intensity and film/pellet thickness. The scattering intensity is represented as a function of the modulus of the scattering vector q = (4/)sin, being the wavelength and 2 being the scattering angle.
3. Results and discussion 3.1. Sample description and SAXS results Fig. 2 shows the variation of the absolute scattering intensity with q for a nanocomposite sample prepared from stock solution 2, using an iron/polymer molar ratio of 0.11 as described in x2. The curve shows three regions in accordance with reports on granular and mesoporous media (Spalla et al., 2003) : (I) a low-q region that follows a power-law regime; (II) an intermediate region that follows a Guinier regime; and (III) a high-q region that also shows a power-law regime. In the inset in Fig. 2 , a high-resolution TEM image of a slice of the sample shows isolated spherical particles uniformly distributed in the matrix. A particle population analysis on the TEM images yields a monomodal size distribution with an average particle size D = 4.5 AE 0.5 nm. Fig. 3 shows SAXS log-log plots of as-prepared films and pressed powder pellets of another nanocomposite sample prepared from stock solution 1, using an iron/polymer ratio of 0.04. SAXS curves corre- SAXS data of a pure polymer pellet (1), a maghemite-polymer as-prepared nanocomposite film (2), a pellet of the same sample (3), and a pellet made by mixing and pressing polymer and maghemite powders.
sponding to a pure polymer pellet and a pellet prepared by mixing maghemite and polymer powders are also shown in this figure. All the plots, including those of the pure polymer and the asprepared film, show a power-law regime in the low-q region (q < 0.1 nm
À1
). Therefore, this scattering intensity must arise from the polymer and is not an artefact introduced during the preparation of the pellet. A fitting of the polymer scattering data to a Porod expression (Porod, 1982) ,
yields n = 3.31, whereas an ideally smooth surface should give n = 4, and a Gaussian polymer should give n = 2. Thus, this scattering intensity probably comes from the rough surface of grains formed by folded polymer chains. The polymer SAXS curve shows a constant scattering for q > 0.1 nm
, whereas all curves containing maghemite nanoparticles have enhanced intensities in this region, which is therefore associated with the nanoparticles. In this region, a Guinier and a power-law regime can be discerned.
Series of nanocomposite samples were prepared by the procedure described in x2 using variable iron loadings in the polymer. The iron/ poly(4-vinylpyridine) molar ratios used in the preparation of the nanocomposite samples are shown in Table 1 . According to XRD observations, the nanocomposites contain maghemite particles of a size that increases with the iron loading used in the sample preparation. As observed in the SAXS curves of the nanocomposites of Figs. 2 and 3, SAXS curves of these samples (Fig. 4) also show a power law in the low-q region due to the polymer and an enhanced intensity due to the nanoparticles.
This enhanced intensity increases with the iron content, showing an increase of the particles density and/or size. In samples S1 and S2, with low iron content, the nanoparticle scattering shows Guinier and power-law regimes. As the iron content increases, the power law becomes more visible and its exponent approaches À3.60, indicating the existence of particles with rough surfaces. At the same time, as the iron content increases, the transition from the Guinier to the powerlaw regime occurs at successively lower q values, which gives a qualitative indication of an increase of the particles size. In samples S3 and S4, with intermediate iron content, the nanoparticle scattering also has a 'knee-like' feature at q ' 0.37 nm
. This knee-like feature can be due either to a second particle population or to particle aggregates.
SAXS analysis
As pointed out above, the SAXS intensity of nanocomposites is the sum of the polymer and particle contributions. Polymer scattering is significant in the low-angle region and it can be fitted to equation (1) for all the samples. Regarding particle scattering, two approaches were considered: (i) the existence of a bimodal distribution of nanoparticles and (ii) the existence of a monomodal distribution of nanoparticles and interparticle interactions. The complexity of the system is increased by the fact that the particle size distribution shows a certain dispersion, however low. Consequently, we have used an approximate approach for data analysis. Particle scattering has been considered as a two-electron-density system (Glatter & Kratky, 1982) and has been fitted to a unified equation proposed by Beaucage (1995 Beaucage ( , 1996 ,
For a two-electron-density model G p is defined as
where N p is the number of particles, p and m are the electron densities of particle and polymer matrix, respectively, p is the particle volume, and R g is the particle radius. For p = 4, B p is the Porod constant defined as
where S is the nanoparticle surface area. The exponential prefactor in the last term of the polymer contribution describes the high-q cut-off for the particle scattering. The Beaucage approach successfully describes scattering from polydispersed nano-objects with different shapes and scattering from multiple-size structures (Beaucage, 1995) . From the above expression it is possible to determine the parameters R g , B p and G p , which allows the mean diameter and the standard deviation of the particle distribution (Beaucage et al., 2004) , and the distribution profiles to be calculated. In the samples with higher iron content we have considered another term, I F (q), similar to that of equation (1),
to describe the above-mentioned 'knee-like' feature as arising from a second set of nanoparticles, so that the total intensity can be expressed as
A representative fitting of this expression to the data from sample S4 is shown in Fig. 5 . The particle average diameters were determined from hDi SAXS = 2(5/3) 1/2 R g and R F = (5/3) 1/2 R gF using R g and R gF obtained from fitting the SAXS data to equation (6). Particle volume fractions, È = N p p , calculated from G p are also shown in Table 1 . As shown in Fig. 6 , hDi SAXS increases with the iron content, indicating that as the iron loading increases, particles grow larger. For moderate particle densities, È is in good accordance with the values calculated from the iron content in the sample and maghemite and PVP densities. However, for large particle volumes, the SAXS volume fraction is clearly exceeding the expected values, indicating an enhanced scattering probably due to a structure contribution. The particle diameter for sample S4 from SAXS (5.2 nm) is in agreement with that obtained from TEM images (6.4 AE 1.1 nm, Fig. 7) , with the difference between the values being of the order of the distribution width. This means that the phenomenological Beaucage approach can be used to obtain reliable structural parameters in nanocomposites with multiple-size structures, in accordance with previous results (Beaucage, 1995; Beaucage et al., 2004) . The distance R F associated with the 'knee-like' feature is roughly constant for samples S2-S4 (6.07-6.20 nm) and it increases in sample S1 (7.75 nm) with the lowest iron content.
In approach (ii) we have considered the 'knee-like' feature as arising from interparticle interactions with the SAXS intensity being given by
where P(q) accounts for the particle form factor and S(q) is the structure factor related to interparticle interferences. We studied the presence of interference effects with a Zernike-Prins liquid-like approximation (Riello & Benedetti, 1997) , a Born-Green approximation (Riello & Benedetti, 1997; Fournet & Guinier, 1955) assuming a hard-sphere potential interaction, and a distorted onedimensional lattice (Laity et al., 2004) at the intermediate angle range scattering. However, none of the applied models seem to fit the scattering intensity. In this approach, the 'knee-like' feature corresponds to a smeared maximum corresponding to a characteristic interparticle average distance d that can be estimated as 2/q max , where q max is the 'knee' position: d = 20 and 17 nm for samples S3 and S4, respectively. In the case of sample S4, the value of R F is not acceptable as being due to particle size, since it would yield a particle diameter of 12.4 nm, out of the distribution range obtained from TEM. In the case SAXS data of sample S4. Lines correspond to: total fitted intensity (I t , straight line), particle scattering term (I P , short-dashed line) and a term attributed in the first instance to a second set of nanoparticles (I F , dashed line).
Figure 6
Variation of the calculated particle diameter with the iron mass ratio used in the preparation of the sample.
Figure 7
Electron microscope (EM) image of nanocomposite sample S4 dispersed in acetone. At the bottom left the EM size distribution of the sample is shown.
of samples with lower iron content (S1, S2 and S3), R F is far from hDi SAXS , and if R F is a particle radius, the samples shall have a distinct bimodal size distribution. Such marked bimodal size distribution would be also apparent in other properties of the nanocomposites, such as the magnetic susceptibility. It is well known that superparamagnetic nanoparticles yield a signal in the out-of-phase a.c. susceptibility, 00 , versus temperature curve that is highly correlated to particle size and shape, and to interparticle interactions. Plots of 00 (T) for samples S2, S3 and S4 (Fig. 8) show a single peak, which is strong evidence of a monomodal particle population along the whole sample. Moreover, the existence of a second population of maghemite particles with a radius R F (Table 1) would yield a peak in the susceptibility 00 around 300 K, a feature that is clearly absent in the curves in Fig. 8 . Furthermore, the Gaussian-like shape of the peak is also indicative of the absence of magnetic interactions between particles, and consequently the absence of compact aggregates in the samples. Therefore, the low-angle peak on the scattering intensity profile can not arise from a second population of particles or from dense particle aggregates.
Conclusion
We have studied the SAXS profiles of maghemite/polymer nanocomposites containing isolated nanoparticles with a low size dispersion uniformly distributed within the polymer matrix. These profiles have a non-negligible contribution from both the polymer matrix and the nanoparticles, showing two power-law regions and a Guinier region, typical of multiscale structured systems such as granular porous media and nanoparticle composites. The scattering intensity associated with the nanoparticles (a power and a Guinier law) increases with the iron content, as expected for an increase of the size and/or the density of the nanoparticles. In fact, using the Beaucage approach (Beaucage, 1995) , we concluded that the particle size increases linearly with the iron content. SAXS curves also show a 'knee-like' feature that could be due to another particle characteristic size or due to interparticle interactions. We present arguments based on magnetic susceptibility and TEM results favouring the latter explanation.
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